Background: Cerebral edema is a potentially devastating complication of various acute neurologic disorders. Its successful treatment may save lives and preserve neurologic function. Review Summary: Different pathophysiological mechanisms are responsible for the formation of cytotoxic and vasogenic edema. Yet, these 2 types of edema often coexist and their treatment tends to overlap, with the exception of corticosteroids, which should be only used to ameliorate vasogenic edema. Currently available to control brain swelling include osmotic agents (with emphasis on mannitol and hypertonic saline solutions), corticosteroids, hyperventilation, sedation (propofol, barbiturates), neuromuscular paralysis, hypothermia, and surgical interventions. This article discusses the indications, advantages, and limitations of each treatment modality following an evidence-based approach.
C erebral edema may be comprehensively defined as a pathologic increase in the amount of total brain water content leading to an increase in brain volume. 1 This deceivingly simple definition fails to reflect the complex pathophysiological underpinnings of the various forms of cerebral edema that may occur in association with severe neurologic diseases. Nonetheless, it retains practical value, given the crude rationales on which we base the application of the alternatives available at present for the treatment of brain edema.
Edema in the brain may be topographically classified into focal or global. Focal edema generates a pressure gradient with adjacent regions and may result in tissue shift and herniation. Examples of focal edema can be found around tumors, hematomas, and infarctions. Global edema diffusely affects the whole brain and, when critical, it may cause intracranial hypertension, compromise perfusion, and lead to generalized ischemia. Cardiopulmonary arrest, severe traumatic injury, and fulminant liver failure are common causes of global cerebral edema.
A different classification based on the pathophysiologic mechanisms responsible for the production of the edema classifies it into 3 types: cytotoxic, vasogenic, and interstitial. In cytotoxic edema, the increased water content is localized intracellularly and is due to the failure of ionic pumps that normally maintain cellular homeostasis. Ischemia and profound metabolic derangements are the most common causes. Instead, in vasogenic edema the main problem is centered in a disruption of the blood-brain barrier, leading to increased permeability and escape of fluid from the intravascular to the extravascular, extracellular space. It accompanies tumors, inflammatory lesions, and traumatic tissue damage. Interstitial edema results from increased transependymal flow from the intraventricular compartment to the brain parenchyma; it typically occurs in the setting of obstructive hydrocephalus.
Cytotoxic edema preferentially affects gray matter and vasogenic edema tends to predominate in the white matter. This difference in distribution and the different characteristics of the 2 types on diffusion-weighted imaging ( Fig. 1) permit their radiologic distinction. However, the clinical manifestations of brain edema tend to be similar regardless of whether the edema is cytotoxic or vasogenic. In fact, both types frequently coexist. For example, early after an ischemic brain infarction cytotoxic edema predominates, but later vasogenic edema becomes the major cause of mass effect as the blood-brain barrier loses continuity and local inflammation develops.
This review will be focused on the discussion of the therapeutic alternatives we can use to treat cerebral edema. However, I will first refer briefly to the ways in which we diagnose and monitor the progression and consequences of brain swelling.
Diagnosis and Monitoring
It is often not simple to distinguish the contribution of brain edema to the condition of a patient solely on the basis of the clinical examination. Worsening focal deficits may be seen in patients with localized edema, but most commonly the development or progression of edema results in diminished level of consciousness due to raised intracranial pressure (ICP). Thus, the correct diagnosis of brain edema and the reliable determination of its extent depend on the use of imaging studies.
CT scan reveals edema as an abnormal hypodense signal. When diffuse, it provokes effacement of the graywhite matter junction, loss of differentiation of the lenticular nucleus, and decreased visualization of the sulci, insula, and cisterns (Fig. 2) . While the presence of vasogenic edema can be inferred from the appearance of hypodensity following the course of white matter tracts, CT is not very helpful to distinguish vasogenic from cytotoxic edema. Meanwhile, MRI shows edema as hypointense signal in T1-weighted sequences and hyperintense signal in T2-weighted and FLAIR sequences (Fig.  3) . Delineation of the spread of edema is much clearer with MRI. Furthermore, it is important to reemphasize the value of diffusion-weighted imaging in differentiating the type of edema based on its apparent diffusion coefficient (low in cytotoxic swelling and high in vasogenic edema) (Fig. 1) .
Herniation and intracranial hypertension are the most feared consequences of massive cerebral edema. A detailed description of the features of the various forms of brain herniation is beyond the scope of this review and can be found in a recent monograph.
2 ICP should be monitored in patients with severe traumatic brain injury with Glasgow Coma Scale (GCS) sum score Ͻ9 and abnormal CT scan or normal CT scan but 2 or more the following criteria: age Ͼ40, unilateral or bilateral motor posturing, systolic blood pressure Ͻ90 mm Hg. 3 It is difficult to extrapolate the value of these guidelines to patients with diagnoses other than trauma due to lack of specific data on ICP monitoring in those other conditions. Some experts advocate monitoring ICP in comatose patients with a large intracranial mass lesion (hematoma, abscess, large infarctions, etc) causing radiologically documented tissue shift. Patients with subarachnoid hemorrhage, intracerebral hemorrhage, or cerebellar ischemic or hemorrhagic strokes producing acute hydrocephalus have their ICP typically monitored once a ventriculostomy catheter has been placed primarily for drainage purposes. A, Diffusion-weighted sequence shows cytotoxic and vasogenic edema as bright signal; the bright signal corresponding to the area of vasogenic edema (white arrow) is due to "shine-through" effect from the T2 sequence. B, Apparent diffusion coefficient map clearly differentiates cytotoxic and vasogenic edema. Cytotoxic edema is associated with restriction in the movement of water molecules across the cellular membrane and thus with a low diffusion coefficient, which is seen as a dark signal (black arrow). Instead, vasogenic edema is associated with increased freedom of movement of water molecules, resulting in a high diffusion coefficient, which is seen as a bright signal (white arrow). C, Note that FLAIR sequence fails to distinguish between the 2 types of edema.
Treatment: General Measures
The general medical and nursing measures to be enunciated in this section are applicable essentially to all patients at risk for or with established cerebral edema. The principles guiding these measures are quite simple: optimize perfusion, oxygenation, and venous drainage; minimize brain metabolic demands; and avoid interventions that may exacerbate the ionic or osmolar gradient.
Head and Neck Positioning
Head position should be neutral, and any form of compression of the jugular veins should be avoided. Adhesive tapes used to secure the endotracheal tube in place should not be tightly attached to the sides of the neck. Subclavian venous access should be preferred over jugular sites. If it is necessary to turn the head during a procedure, this must be done with caution and for the shortest time possible.
The practice of head elevation to reduce brain edema is widespread but only supported by inconsistent data. ICP tends to be lower when the head of the bed is raised to 30 degrees compared with the horizontal position. 4 -9 However, the effect of head elevation on cerebral perfusion pressure is less predictable. In various studies, cerebral perfusion pressure was found to be slightly increased, 7, 8 unaltered, 4,7,9,10 or reduced 6,11 after head elevation. Summarizing available studies, it is reasonable to conclude that head elevation at 30 degrees appears safe and effective in reducing ICP as long as the patient does not have a borderline cerebral perfusion pressure. In patients with large ischemic strokes in whom there is still possibility of salvaging tissue in ischemic penumbra, it may be preferable to keep the head of the bed flat except at times of acute ICP crisis. 11 The advice to determine the optimal head position on an individual basis remains wise and should ideally be followed in each case. 
Analgesia, Sedation and Paralysis
Pain, anxiety, and agitation increase brain metabolic demands, cerebral blood flow, and at times also ICP. Therefore, a rational regimen of analgesia and sedation is appropriate in most patients with cerebral edema who present these symptoms. Patients who are thrashing in bed, "fighting" the Opiates, benzodiazepines, and propofol are the most commonly used agents to achieve sedation in neurologic intensive care units. A number of caveats must be kept in mind when prescribing these agents. Codeine is frequently used in awake patients to minimize sedation, but its analgesic potency may be insufficient in some situations. Fentanyl and sulfentanyl must be used with caution because they have been associated with increases in ICP in patients with severe brain trauma, 12 although this may be avoidable with careful dose titration. 13 On the positive side, morphine sulfate is extremely effective in controlling symptoms of excessive autonomic arousal ("autonomic storms"). 14 Benzodiazepines are less expensive than propofol (especially lorazepam) and have the advantage of inducing amnesia, as well as sedation. However, lorazepam has a more prolonged duration of action and midazolam has very short action when a few doses are administered intermittently, but sedative effects persist much longer as long-acting metabolites begin to accumulate. Propofol is a very useful agent because it provides effective sedation that can be easily controlled and quickly reversed. Duration of action becomes longer as fat deposits get saturated with continuous use, but rapid reversibility may be maintained if the infusion rate is titrated down accordingly. The value of propofol in headinjured patients is well validated. 15 It is pertinent to remember that benzodiazepines and propofol have anticonvulsive properties and lower cerebral metabolic rate. Barbiturates have similar characteristics, but their long duration of action makes them less desirable.
Pharmacologic neuromuscular paralysis should be reserved for refractory cases of intracranial hypertension if they are to be administered at all. Routine use of neuromuscular blocking agents in head trauma patients offers no advantage in ICP control. 16 Administration should be monitored using the train-of-4 responses to supramaximal electrical impulses to avoid prolonged weakness from accumulation of the drug. 17 However, these agents also increase the risk of developing critical illness polyneuropathy, 18 a less predictable and preventable complication.
Ventilation and Oxygenation
Hypoxia and hypercapnia are potent cerebral vasodilators; thus, they may lead to augmented cerebral blood volume and consequent elevation of intracranial hypertension, particularly in patients with abnormal capillary permeability. Intubation and mechanical ventilation are indicated if ventilation or oxygenation is insufficient in patients with brain edema. Special caution must be exercised during endotracheal intubation to avoid an additional rise in ICP due to worsening hypoxia and hypercapnia and reflex responses triggered by direct tracheal stimulation. Adequate preoxygenation and use of rapid-sequence protocols may minimize compromise of gas exchange. Intravenous lidocaine (1 mg/kg), etomidate (0.1-0.5 mg/kg), or thiopental (1-5 mg/kg) may be used to avert detrimental reflex responses.
Once the patient is intubated, ventilator settings should be adjusted to maintain normal PO 2 and PCO 2 . The value of hyperventilation in the treatment of brain edema and intracranial hypertension is discussed in a later section. Concerns about detrimental effects of positive-end expiratory pressure (PEEP) on ICP are theoretically sound, but negative consequences are almost never seen in practice. 19, 20 Thus, PEEP should be used as needed to improve hypoxia.
Intensive bronchial toileting is important to prevent complications from atelectasis and pneumonia. However, it should be performed cautiously to avert the occurrence of marked rises in ICP that may occur during suctioning. Administering a bolus of intravenous lidocaine prior to introducing the suctioning catheter is an effective preventive strategy. Brief periods of hyperventilation with 100% oxygen in anticipation of tracheal manipulation are also helpful in blocking ICP elevations.
Fluid Management
Low serum osmolality must be avoided in all patients with brain swelling since it will exacerbate cytotoxic edema. This objective can be achieved by strictly limiting the intake of hypotonic fluids. In fact, there is clear evidence that free water should be avoided in patients with head injuries and brain edema. 21 In patients with pronounced, prolonged serum hyperosmolality, the disorder must be corrected slowly to prevent rebound cellular swelling. Fluid balance should be maintained neutral (considering insensible losses) to sustain a state of euvolemia. Negative fluid balance has been reported to be independently associated with adverse outcomes in patients with severe brain trauma. 22 Avoiding negative cumulative fluid balance is essential to limit the risk of renal failure in patients receiving mannitol.
Patients who are thrashing in bed, "fighting" the ventilator, or "bucking" the endotracheal tube
should be sedated to the point of motionless sleep.
Fluid balance should be maintained neutral (considering insensible losses) to sustain a state of euvolemia.

Blood Pressure Management
The ideal blood pressure will depend on the underlying cause of the brain edema. In trauma and stroke patients, blood pressure should be supported to maintain adequate perfusion, avoiding sudden rises and very high levels of hypertension. Keeping cerebral perfusion pressure above 60 -70 mm Hg is generally recommended after traumatic brain injury. 23 The value of blood pressure augmentation beyond those parameters using inotropic medications is under investigation. 24 Blood pressure targets are controversial in cases of intracerebral hemorrhage, but it is probably safe to treat hypertension in the acute phase, 25 and this strategy may reduce the risk of early hematoma growth. 26 After the first 24 -48 hours of hematoma onset, blood pressure should be treated to achieve near normotension since the risk of progression of edema persists for much longer. 27 In patients with ischemic stroke, rapid blood pressure reductions are detrimental in the acute phase (first 24 -48 hours) since they can produce worsening of neurologic deficits from loss of perfusion in the penumbra. 28 However, in patients with large hemispheric strokes, such as malignant middle cerebral artery infarctions, this risk must be weighed against the hazards of hemorrhagic conversion and progression of edema that may be linked to severe hypertension. Normal blood pressure should also be the aim in patients with lesions associated predominantly with vasogenic edema, such as tumors and inflammatory or infectious masses.
Prevention of Seizures, Fever and Hyperglycemia
These various factors may be considered together because they all cause deleterious effects in the injured brain and should be prevented or aggressively treated when present. The benefit of prophylactic use of anticonvulsants remains unproven in patients with most conditions leading to brain edema. However, this preventive use is quite common in practice and may be defensible in patients with very limited intracranial compliance. Also, there is some evidence that subclinical epileptic activity may be associated with progression of midline shift and worse outcome at least in critically ill patients with intracerebral hemorrhage. 29 These preliminary data are concerning but require validation by further research. Conversely, widespread use of anticonvulsants is far from benign 30 and has been discouraged in patients with brain tumors. 31 Fever and hyperglycemia worsen ischemic brain damage 32, 33 and may markedly exacerbate cerebral edema. 34, 35 Therefore, nursing orders must include frequent measurements of body temperature (including brain temperature if an intraparenchymal probe is available) and capillary glucose. Strict normothermia and normoglycemia (ie, blood glucose at least below 120 mg/dL) must be maintained at all times. Current evidence regarding the role of hypothermia for the treatment of brain edema is discussed later on this review.
Osmotic Therapy
Mannitol and hypertonic saline are the 2 osmotic agents most extensively studied and most frequently used in practice to ameliorate brain edema and intracranial hypertension. Both are effective regardless of the pathophysiology and distribution of edema.
Mannitol
Despite its widespread use for over 40 years, the precise mechanisms of action of mannitol remain incompletely defined. 36 This is due at least in part to the multiple effects exerted by this agent that may contribute to its therapeutic benefit. The 2 main mechanisms are osmotic and hemodynamic.
The osmotic effect is based on the fact that mannitol does not cross the cellular membrane or the intact blood-brain barrier. Hence, mannitol increases intravascular tonicity, thereby establishing a concentration gradient across the blood-brain barrier that forces movement of water from the edematous brain tissue to the intravascular space. This is followed by rapid renal excretion of mannitol and water. However, the timing and dose of mannitol required to exert a change in brain water content in animal models is not consistent with the changes in ICP that are seen in clinical practice. Effective changes in ICP clinically occur at much lower doses of mannitol than those used in animal experiments. It has also been experimentally documented that the decline in ICP precedes the fall in brain water content that occurs after a bolus of mannitol, arguing in favor of a mechanism other than dehydration being responsible for the early effects of the agent. 37 Still, mannitol does reduce brain water content as proven by experimental evidence, 38 intraoperative biopsies in trauma patients, 39 and radiologic studies with CT 40 and MRI. 41 In models of ischemic infarction, the reduction in brain water content after mannitol infusion is greater in the normal than in the damaged hemisphere. 37 However, a human study using CT scan before and shortly after a bolus of mannitol showed no significant effect of the administration of the agent on horizontal or vertical midline shift. 42 Further analysis of the data from this study demonstrated that volume shrinkage occurred preferentially in the noninfarcted hemisphere during the first hour after mannitol administration. 43 The effect of mannitol on brain volume after 1 hour remains to be formally studied. Nonetheless, these studies argue that the preferential dehydrating effect of mannitol on the noninfarcted hemisphere is not clinically meaningful. 36 The hemodynamic effects of mannitol are proposed to be mediated by a reduction in blood viscosity that would lead to increased cerebral blood flow and a subsequent reduction in cerebral blood volume due to passive vasoconstriction. 44, 45 The rheologic changes are caused by dilution of blood and increased deformability of erythrocytes. 46 Other proposed mechanisms of action of mannitol include free radical scavenging, 48 inhibition of apoptosis, 49 and augmentation of cerebral perfusion pressure leading to autoregulatory vasoconstriction and consequent reduction in cerebral blood volume. 50 The latter mechanism is theoretically appealing but probably not clinically significant since it contends that mannitol causes systemic blood pressure elevation as a result of intravascular volume expansion, a finding that is rarely seen in practice. In addition, it depends on conservation of normal autoregulatory responses, which are actually often abolished in many conditions associated with brain edema. 36 The incomplete understanding of the mechanisms underlying the effects of mannitol on ICP and the lack of systematic studies of mannitol treatment in humans explain the lack of agreement on what is the optimal way of administering the agent. A standardized dosing regimen (eg, 1 to 1.5 g/kg of 20% mannitol in a bolus followed by 0.25 to 0.5 g/kg every 4 to 6 hours) may be complicated by volume depletion. There is also concern about possible leakage of mannitol into damaged brain tissue potentially leading to "rebound" rises in ICP. 51, 52 In fact, accumulation of mannitol in white matter has been reported after multiple doses, but not after a single dose, of the medication. 52 To avoid this, repeated boluses of mannitol administered only when required by elevations of ICP may be favored instead. Still, most experts allow mannitol to produce some dehydration to induce transient cellular shrinkage. Adequate volume repletion with isotonic or slightly hypertonic solutions is essential to keep the patient euvolemic.
Mannitol dosing is customarily monitored by checking serum osmolality prior to each dose. High serum osmolality increases the risk of renal failure (in the setting of coexistent volume depletion) but does not correlate well with serum mannitol levels. The osmolal gap (difference between calculated and measure serum osmolalities) correlates better with serum mannitol levels and a normal osmolal gap indicates sufficient clearance of previous doses of mannitol to allow safe administration of a new dose. 53 A serum osmolality of 320 mOsm/L is generally quoted as the maximal allowable serum osmolality when the patient is receiving mannitol. However, it is important to understand that this cutoff number is a limitation designed to prevent renal tubular damage based on very limited evidence. Crossing this threshold is not necessarily dangerous as long as the patient is not volume depleted.
36
Hypertonic Saline
Hypertonic saline solutions have recently received considerable attention as an alternative to mannitol for the treatment of brain edema in various acute conditions. As is the case with mannitol, various and possibly interacting mechanisms may be responsible for the reduction in brain edema and ICP achieved with hypertonic saline. 54, 55 They include osmotic dehydration of the brain, decreased blood viscosity, 56 increased regional brain perfusion from endothelial cell dehydration and possible pial artery vasodilatation, 21, 57 enhanced cardiac output 56, 58 and, to a lesser degree, mean arterial pressure, 56 attenuation of inflammatory responses at the microcirculatory level, 59 and reduction of extravascular lung volume, facilitating improvement in gas exchange and oxygenation. 60 Animal models of focal brain injury have demonstrated significant decreases in cerebral water content and ICP with the use of hypertonic solutions. 61, 62 In these studies, hypertonic saline has resembled mannitol in that water content is preferentially reduced in the noninjured hemisphere. 62, 63 Experimental designs comparing hypertonic saline with mannitol have offered conflicting results (Table 1 ). Brain water content was reduced more effectively by hypertonic saline in studies of focal hemorrhage 64 and ischemia 60 but not in others models. 62, 65, 66 The duration of ICP reduction may be longer with hypertonic saline, 62, 64, 66 but this difference may be restricted to the first bolus and disappear with repeated doses. 62 Disappointingly, neither mannitol nor hypertonic saline has proven to improve oxygenation of the injured brain. 67, 68 Clinical data on hypertonic saline is promising but far from definitive. Initial enthusiasm for this treatment was fueled by experimental data and small clinical trials using hypertonic saline for volume resuscitation in hemorrhagic shock that showed an improvement in survival attributed to reduction in ICP. 69, 70 However, in a larger recent trial, hypertonic saline was compared with conventional fluid management (lactate Ringer) for the prehospital resuscitation of patients with severe brain trauma and hypotension, and it failed to improve neurologic outcome. 71 Preferential benefit in patients with trauma or postoperative edema (against no detectable benefit on lateral displacement in patients with nontraumatic intracranial hemorrhage or infarction) was reported in one study, 72 but hypertonic saline has also been effective in reducing ICP in patients with severe subarachnoid hemorrhage. 73 Perhaps the strongest indication for hypertonic saline at this stage is in pediatric and adult patients with recalcitrant intracranial hypertension from various intracranial pathologies in whom other therapies have failed. 74 -76 Several small randomized trials comparing hypertonic saline with mannitol in head injury have shown better results with hypertonic saline (Table 1) . However, no definite conclusions can be drawn at present because the studies involved a wide range of saline concentrations, and equiosmolar solutions were not consistently used. Further carefully designed studies comparing the 2 agents are needed before superiority of one of them can be firmly postulated.
Perhaps the strongest indication for hypertonic saline at this stage is in patients with recalcitrant intracranial hypertension from various intracranial pathologies in whom other therapies have failed.
Rabinstein
The Neurologist • Volume 12, Number 2, March 2006 Although hypertonic saline has been saluted as a safer option than mannitol, a number of potential and documented adverse effects must be considered when infusing this solution. Rebound edema may occur, especially with continuous drips. 77 Congestive heart failure is a potential complication in patients with preexistent cardiac dysfunction who cannot handle the expansion of intravascular volume. Decreased platelet aggregation and prolongation of coagulation times have been reported, 78 but their clinical significance is questionable since bleeding complications have not been noted. Local phlebitis may be easily prevented using a large-bore access. Hyperchloremic metabolic acidosis is avoided by combining hypertonic saline with acetate. Complications from severe hypernatremia, although feared, are rarely encountered in practice. The risk of renal failure is most likely very low, and thus it may be reasonable to consider using hypertonic saline instead of mannitol in patients with renal insufficiency.
Steroids
Glucocorticoids are very effective in ameliorating the vasogenic edema that accompanies tumors, inflammatory conditions, and other disorders associated with increased permeability of the blood-brain barrier, including surgical manipulation. 79 However, steroids are not helpful to treat cytotoxic edema and are detrimental in patients with brain ischemia.
Defective endothelial tight junctions are primarily responsible for the formation of edema in brain tumors. 80 Molecular mechanisms involved in this abnormal permeability include underexpression of tight junction proteins (eg, occluding, claudin-1, claudin-5), up-regulation of the water channel aquaporin-4, and high levels of vascular endothelial growth factors. 80 Glucocorticoids are the main treatment of cerebral edema caused by primary or metastatic brain tumors. 81 The reduction in peritumoral edema with corticosteroids may occur because of decreased endothelial cell permeability, 82, 83 increased clearance of fluid in the extracellular space, 84 or metabolic changes induced in the tumor tissue. 85 Dexamethasone is the preferred agent due to its very low mineralocorticoid activity. The usual initial dose is 10 mg intravenously or by mouth, followed by 4 mg every 6 hours. This is equivalent to 20 times the normal physiologic production of cortisol. Responses are often prompt and remarkable, sometimes dramatic, but some tumors are less responsive. 86 Higher doses, up to 96 mg per day, may be used with chances of success in more refractory cases. 87 After several days of use, steroids should be tapered gradually to avoid potentially serious complications from recurrent edema and adrenal suppression.
Corticosteroids are also effective to alleviate brain edema related to brain radiation, radiosurgical treatments, and neurosurgical manipulation. 79, 88, 89 Steroids could also be protective against brain damage from radiation. 90 The effectiveness of steroids is much greater against the acute swelling following radiation treatment than against subacute edema or chronic radionecrosis. 89 Glucocorticoids are also useful to treat brain edema in cases of bacterial meningitis. Edema in these patients develops as part of the inflammatory reaction triggered by the lysis of bacterial cell walls induced by antibiotics. Inflammation is mediated through the increased production of cytokines and chemokines by microglia, astrocytes, and macrophages. Interleukin-1 (IL-1) and tumor necrosis factor (TNF) increase vascular permeability both directly and indirectly by increasing leukocyte adherence to the endothelium. Apart from previously mentioned mechanisms, glucocorticoids exert a depressant effect on both the synthesis and translation of IL-1 and TNF mRNA. The timing of glucocorticoid use may be critical as the maximal reduction in the production of these inflammatory cytokines occurs only if therapy is started prior to the release of the bacterial cell wall components.
Glucocorticoid use decreases morbidity and mortality in animal models 91, 92 of meningitis and has been shown to reduce the risk of hearing loss in pediatric patients with Haemophilus influenzae type b meningitis. 93 Although other clinical trials produced conflicting results, 94 a meta-analysis of clinical studies supported the use of dexamethasone in children with both H influenzae type b and Streptococcus pneumoniae meningitis. 94 Dexamethasone is currently recommended for children older than 2 months of age with bacterial meningitis. The suggested dose is 0.15 mg/kg given intravenously every 6 hours for the first 4 days of antibiotic treatment. The first dose should be administered before or concurrent with the start of antibiotic treatment.
The use of corticosteroids in adult patients with bacterial meningitis has been more controversial. Animal models have shown a decrease of antibiotic penetration into the CSF of animals pretreated with dexamethasone, 95, 96 a concern that led to prematurely halting a trial testing dexamethasone in adults with severe meningitis. 97 Furthermore, until recently, trials of dexamethasone in adults with meningitis had produced conflicting results. 93, 97, 98 The debate, however, appears to have been resolved by the results of a recent prospective, randomized, doubleblinded trial of adjuvant treatment with dexamethasone versus placebo in adults with bacterial meningitis. In this study, dexamethasone started 15-20 minutes prior to the first dose of antibiotics and given for the first 4 days of treatment (10 mg every 6 hours) was associated with reduced mortality (P ϭ 0.04) and improved functional outcome (P ϭ 0.03). Treatment was most effective for the sickest patients, as evaluated by their admission GCS sum score and in patients with pneumococcal meningitis. 99 Based on the above study, adjunctive therapy with dexamethasone is warranted in most adults with suspected
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The Neurologist • Volume 12, Number 2, March 2006 meningitis. 100 However, there is lingering concern about the appropriateness of this approach in populations with a high incidence of penicillin-resistant pneumococcus or susceptible to infection by Staphylococcus aureus (eg, neurosurgical patients) since dexamethasone use could reduce the already limited permeability of the blood-brain barrier to vancomycin. 101 In patients with severe head injury, the use of glucocorticoids is not recommended for improving outcome or reducing ICP. 102 Several prospective randomized trials have evaluated different regimens of glucocorticoids in this population and consistently found no evidence of therapeutic benefit. [103] [104] [105] [106] Furthermore, the recently published CRASH trial found a trend towards increased 2-week mortality rates in head-injured patients treated with large doses of corticosteroids (methylprednisolone 2 g bolus initiated within 8 hours of the trauma and then infusion of 400 mg/h continued for 48 hours). 107 These negative results may be explained, at least in part, by the untoward metabolic (particularly hyperglycemia) and nutritional effects exerted by megadoses of glucocorticoids on critically ill patients. 108, 109 Several randomized clinical trials have consistently shown that corticosteroids have no value in the treatment of ischemic stroke. 110 -113 Steroid use also failed to benefit patients with intracerebral hemorrhage. 114, 115 However, more recent animal studies have indicated that steroids might decrease infarct volume and decrease cerebral edema in models of temporary (but not permanent) focal cerebral ischemia. 116, 117 This raises the possibility that corticosteroids may prove useful in patients that receive intravenous or intraarterial thrombolysis. However, growing awareness of the immensely detrimental impact of hyperglycemia on the acutely injured brain is very likely going to deter initiatives to design new trials to reevaluate the administration of steroids in patients with ischemic infarction or intracerebral hemorrhage. 33, 118, 119 Particularly noteworthy is the observation that hyperglycemia has been associated with hyperacute decline, worse outcome, and increased risk of hemorrhagic transformation in stroke patients treated with thrombolysis.
33,120,121
Hyperventilation
Although not a treatment of brain edema per se, hyperventilation is very efficacious in reducing elevated ICP. It achieves this effect by producing cerebral vasoconstriction and hence diminishing cerebral blood volume. Small resistance vessels are very sensitive to the acidity of the cerebrospinal fluid. Since the blood-brain barrier is impermeable to bicarbonate and hydrogen ions but permeable to carbon dioxide, changes in cerebrospinal fluid hydrogen ion concentration can be fostered by changes in serum pCO 2 . The reduction in CBF occurs immediately and lasts for up to 30 minutes. In the setting of intact autoregulation, each torr change in pCO 2 generates a 3% change in CBF. The response lessens as the level of pCO 2 decreases. Loss of vasomotor reactivity to CO 2 is a grave prognostic indicator after head injury. 122 The use of chronic hyperventilation to control intracranial hypertension is generally avoided due to concerns that cerebral vasoconstriction may worsen cerebral ischemia. The choroid plexus buffers the augmented hydrogen ion concentration approximately 3-4 hour after any acute change, but ICP levels may return to prehyperventilation baseline long before this. The addition of weak bases or the buffer agent tromethamine (THAM) can sustain a reduction in ICP for longer periods of time. However, the only randomized trial evaluating chronic hyperventilation in head trauma found a significantly worse functional outcome at 6 months in hyperventilated patients with initial GCS motor score of 4 -5. 123 Additionally, brief moderate hyperventilation has been shown to reduce brain tissue PO 2 below ischemic levels 124 and to increase extracellular concentrations of markers of anaerobic metabolism (pyruvate, lactate) and excitotoxicity (glutamate). 125 Although hyperventilation should not be totally abandoned in patients with intracranial hypertension from traumatic brain injury, 126 it should be used with caution. Hyperventilation must only be used in acute ischemic stroke as a temporizing measure because vasoconstriction might exacerbate cerebral ischemia. Still, in selected cases, brief use of moderate hyperventilation may be justified as a bridge to safer and more definitive antiedema treatments (such as osmotherapy or hemicraniectomy). Similar concepts may be applied to the case of intracerebral hemorrhage.
Barbiturates
Barbiturates can effectively reduce ICP in patients with severe head injury. 127 They are generally reserved for cases refractory to other medical measures. Metabolic suppression is the desired effect and presumed mechanism of action. Barbiturate dosing is typically titrated to a target ICP, but there is little additional effect on ICP once a burst suppression pattern is present on bedside electroencephalography. Whether barbiturates improve outcome remains controversial. Benefit in survival was noted in 1 trial, 127 but no functional improvement was found in others. 128, 129 Functional recovery after treatment with barbiturates, especially in terms of cognitive function, may be limited. 130 However, acceptable quality of life may be achieved, particularly by younger patients. 130 In patients with large ischemic infarctions, barbiturates only seem to offer limited and short-lasting benefits that may be counterbalanced by adverse effects, especially if hypotension occurs. 131 Use of high-dose barbiturates is fraught with complications, including hypotension, hepatic dysfunction, and in- 
Other Pharmacological Alternatives
Intravenous glycerol is sometimes used as an alternative osmotic agent for the treatment of brain edema. It readily reduces ICP for up to 60 minutes without pronounced or long-lasting effects on serum osmolarity. 132 It has been tested for the treatment of edema caused by large ischemic or hemorrhagic strokes. 133 In patients with extensive brain infarctions, MRI evidence demonstrated that glycerol reduces edema volume in the affected hemisphere without detectable effects on the healthy side or exacerbation of tissue shift. 134 Glycerol diffuses rapidly across the blood-brain barrier and accumulates in the brain shortly after its administration; this may lead to a brief rebound elevation in ICP. 132 The clinical significance of this phenomenon is not well defined, and, although probably not large, it may argue for exercising caution when using repeated boluses of this agent. Conversely, glycerol may offer advantages over other osmotic agents such as providing an alternative source of fuel to the ischemic tissue 135 and attenuating leukocyte adherence to the endothelium, thus improving blood cell and plasma flow. 136 THAM may be used to buffer cerebrospinal fluid acidity. It has been shown to ameliorate the deleterious effects of prolonged hyperventilation and may be useful to control raised ICP in patients with traumatic brain injury. 137 Still, THAM has not been evaluated in recent studies and is rarely used in practice, at least in the United States. A relative disadvantage is that THAM must be administered through a central venous access because peripheral infusion carries the risk of soft-tissue necrosis. 138 The efficacy of THAM can be assessed by infusing 1 mmol/kg in 100 mL of 5% glucose over 45 minutes. If ICP falls by 10 -15 mm Hg within 15 minutes, THAM should be continuously infused to reach a pH between 7.5 and 7.55. 139 Available information on THAM supports the appropriateness of renewed research to delineate its role in modern protocols of treatment of intracranial hypertension.
Furosemide is sometimes administered in combination with mannitol. This dual therapy has been tested with variable success. 140 -142 Similar inconsistent results were achieved when furosemide alone was evaluated. 143, 144 While furosemide may enhance the effect of mannitol, it may need to be administered in very large doses to reach this goal. 142 In such case, the risk of volume contraction may outweigh any potential benefit on ICP.
The role of acetazolamide, a carbonic anhydrase inhibitor that reduces production of cerebrospinal fluid, is restricted to patients with high-altitude illness and benign intracranial hypertension. Indomethacin decreases cerebral blood flow and consequently ICP in patients with severe traumatic brain injury, although at the expense of a drop in cerebral perfusion pressure. While this drop seems to be modest, more research is needed before indomethacin can be formally recommended for clinical use. 145 
Hypothermia
Induced hypothermia has generated enormous interest as a potential neuroprotective intervention in patients with acute brain insults. Sound experimental data provide a solid foundation to the clinical evaluation of hypothermia to treat acute brain ischemia and traumatic injury. 146 -149 Furthermore, early application of hypothermia in patients with cardiac arrest was associated with significant improvements in neurologic outcome in 2 highly influential trials, 150 -152 arguing that this intervention should become a standard part of resuscitation efforts.
The experience using hypothermia to treat acute stroke has been recently reviewed in detail. 153, 154 While observational studies have established that normothermia and mild hypothermia are predictive of favorable outcome, 155, 156 clinical studies on therapeutic moderate hypothermia have only included small numbers of patients and different modes of induction of hypothermia. 157, 158 Although these studies offered encouraging preliminary results, the safety and efficacy of this treatment modality requires validation in larger, randomized trials.
Hypothermia (target bladder temperature 33°C reached within 8 hours of injury and maintained for 48 hours) failed to improve outcome in a large prospective, multicenter, randomized trial of patients with traumatic brain injury and a GCS sum score of 3-8. 159 Given the wealth of data from laboratory studies indicating that hypothermia may exert important neuroprotective effects in the acutely traumatized brain, more clinical research in this area is warranted. Focusing future studies on earlier institution of hypothermia, perhaps using endovascular rather than external methods of cooling, and applying it on patients with documented intracranial hypertension may be desirable.
Different cooling methods are currently available, including external (ice packs, iced gastric lavage, water or air circulating blankets, cooling vest) and endovascular means. The superiority of endovascular cooling is probable but still under evaluation. Target core temperature is usually 32-34°C, measured with thermistors placed inside the urinary bladder. The value of guiding hypothermic therapy using brain temperature probes deserves investigation. Shivering must be prevented using deep sedation and neuromuscular paralysis when necessary; the combination of oral buspirone (60 mg) and intravenous meperidine (50 to 75 mg loading dose followed by an infusion of 25-35 mg/h) may be an effective and safer alternative option. 157 Hypothermia is usually maintained for 12-72 hours, followed by a period of controlled rewarming over 12-24 hours.
Induction of hypothermia is associated with several potential complications. The most frequent and dangerous are sepsis (particularly from pneumonia), cardiac arrhythmias and hemodynamic instability (often seen during rewarming), coagulopathy (especially thrombocytopenia), and electrolyte disturbances (potassium, magnesium, calcium, phosphate). 153 
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Surgical Interventions
In patients with ICP elevation, cerebrospinal fluid drainage is a fast and highly effective treatment measure. This assertion holds true even in the absence of hydrocephalus. Unfortunately, external ventricular drainage carries a substantial risk of ventriculitis, even under the best care. Controlled lumbar drainage may be a safe alternative in patients with discernible basilar cisterns on CT scan 160 ; yet, since the experience with lumbar catheters in patients with brain edema is very limited, its use should be accompanied by extreme caution.
A comprehensive and very updated discussion on the value of hemicraniectomy to treat ischemic brain edema associated with massive hemispheric strokes has been recently published. 154 While it is clear that hemicraniectomy can be lifesaving, its beneficial impact on the long-term functional outcome of survivors remains unproven. Older age clearly predicts very poor recovery, 161 and, in my opinion, hemicraniectomy should only be offered to stroke patients younger than 50 -55 years. An example of this surgical intervention is presented in Figure 4 .
In patients with critical, recalcitrant intracranial hypertension after head trauma who fail to respond to all other therapeutic measures, craniectomy with duraplasty may be a valuable alternative. 162 Hemicraniectomy may be preferable in patients with focal lesions, such as hemorrhagic contusions, but holocraniectomy is necessary in patients with massive global brain edema. Good long-term functional outcomes have been reported in 25-56% of young patients after this surgery. Although the optimal timing and indications for this intervention are not well established, the expeditious decision by an experienced neurosurgeon to proceed with holocraniectomy in a young patient with massive intractable traumatic brain edema should probably not be delayed by attempts to keep trying additional medical options.
Conclusions
The treatment of cerebral edema remains largely empirical. Options are relatively limited, and the mechanisms of action of most of the therapeutic agents and interventions currently used are not fully elucidated. Although protocols and algorithms exist to treat brain edema associated with specific neurologic entities, these are not based on rigorous scientific data. Current uncertainties and deficiencies must be resolved by continuing research, fueled by our growing understanding of the pathophysiological processes responsible for the formation of the different forms of brain edema.
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